Abstract. Background: To help identify factors contributing to intra-patient Hb variability, pooled records were analyzed from 5,592 patients undergoing hemodialysis (HD) in European, multicenter, open-label, single-arm Phase 3b trials. Patients und methods: Patients previously treated with recombinant human erythropoietin (rHuEPO) were switched to darbepoietin-a administered once a week (QW) or once every 2 weeks (Q2W), maintaining the same dosing schedule and route of ESA administration (intravenous or subcutaneous) up to and through the evaluation period. Patients were treated with darbepoietin-a to maintain Hb levels between 10 and 13 g/dl. Intrapatient variability was calculated using the SD model, taking all of an individual patient's Hb values during the evaluation period (Weeks 21 -24 after conversion) and calculating the SD of these Hb values. Adverse events (AE) of infection or inflammation were recorded. Results: Smaller variability was seen for patients 65 years of age or older compared with younger patients (p = 0.0044) and greater variability for patients less than 40 years of age compared with older patients (p < 0.01). Little difference in variability was seen in relation to sex overall or to the presence or absence of diabetes. Intra-patient Hb variability was greater in the presence of intercurrent conditions, including infection or inflammation (p = 0.0032), blood transfusion (p < 0.0001), hospitalization (p < 0.0001), or hospitalization for cardiovascular (CV) causes (p = 0.0012), than in their absence. Iron status differences had little detectable effect on intra-patient Hb variability. A larger number of changes made to the ESA dose during the evaluation period was also associated with greater Hb variability compared with fewer dose changes, but this association could not be proved as being causative. Although p values were calculated for some comparisons, statistical significance might not indicate clinical significance because of the large sample size. Multivariable analysis to assess the association between AE status and intra-patient Hb variability, adjusting for age, sex, diabetes status, number of dose changes and iron status showed that AE status was significantly associated with Hb variability. Conclusion: Additional studies would be needed to further investigate causes and effects of Hb variability and intercurrent events.
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Introduction
Following the assessment of outcomes data relating patients' serum hemoglobin (Hb) concentrations to their exercise performance, quality of life, and even rates of cardiovascular disease and survival, Hb target ranges have been recommended in various anemia management guidelines. These include the guidelines produced by the National Kidney Foundation Kidney Disease Outcomes Quality Initiative [National Kidney Foundation 2007] and the European Best Practices Guidelines Working Group [Locatelli et al. 2004a] . The study populations in clinical trials of erythropoiesis-stimulating agents (ESAs) in patients with chronic renal failure (CRF) generally achieved and maintained mean Hb concentrate within the target range [Mann 2007 ].
However, Hb concentrations in individual patients treated in trials or routine clinical practice showed substantial fluctuations [Berns et al. 2003 , Ebben et al. 2006 , Eschbach et al. 1987 ].
Hb levels and their variability are generally calculated to facilitate the comparison of patient populations in clinical trials (i.e., between-patient or interpatient Hb variability) rather than to assess the degree of variability for individual patients (ie, within-patient or intra-patient Hb variability). Interpatient Hb variability is usually reported as the estimated standard deviation (SD) for an overall study population. However, the interpatient variability data may sometimes be misinterpreted as indicating stable Hb levels in individual patients, and the population mean does not give an indication of how individuals' Hb levels vary over time.
Individual patients' Hb levels are unlikely to follow the variation pattern of the population mean, and a large variety of individual Hb variability patterns has been recognized [Ebben et al. 2006] . In clinical practice, Hb levels often are not maintained within the target range in patients with CRF receiving ESAs to manage their anemia , Pisoni et al. 2004 . In fact, studies have shown that Hb concentrations are in flux in a high percentage of patients during any period investigated [Ebben et al. 2006 ] and 3-month rolling average Hb concentrations were below 10 mg/dl in 12% of patients in the large observational study by Lacson et al. [2003] .
Failure of an individual patient's Hb to remain within the target range may be especially deleterious for patients undergoing hemodialysis (HD) and may be associated with increased morbidity and mortality [Brunelli et al. 2008 , Foley et al. 1996 , Locatelli et al. 2004b , Yang et al. 2007 ]. The intrapatient Hb variability observed in patients with CRF might be linked with a large number of factors such as "normal" biological variation, with patient-related factors that change in the course of time such as ageing, with comorbid conditions such as inflammatory states, with intercurrent complications, such as infections, which may affect red blood cell production, or with blood loss. Variability in Hb concentrations might also be promoted by changes in Hb testing procedures or by changes in treatment practice patterns such as dialysis regimen, fluid shifts, adequacy of dialysis, iron supplementation, and changes in ESA dosing.
Studies, now being conducted, to analyze the cause-and-effect relationships of various conditions with Hb variability are prerequisite to try to minimize Hb variability caused by modifiable factors. To help identify factors associated with intra-patient Hb variability, data collected from 5,592 patients during previous clinical trials investigating the efficacy and safety of darbepoietin-a for managing anemia in patients with CRF undergoing HD were analyzed post-hoc. The analyses were exploratory and the results are described below.
Patients and methods

Data source
To establish the methodology to be applied to the pooled data set, analyses were initially performed on data from 522 dialysis patients from a multicenter, open-label, randomized, ESAconversion trial as a pilot trial for the Phase 3b studies. Results of these analyses were presented at the American Society of Nephrology meeting in 2007 and described preliminary information on relationships between Hb concentrations and some patient characteristics .
A post-hoc analysis of Hb concentrations and their relationship with various potentially influential factors was performed for the present study on the pooled records of 5,592 patients undergoing HD from a series of European, multicenter, open-label, single arm Phase 3b trials on the efficacy and safety of darbepoietin-a for management of anemia. These analyses also included additional patient characteristics, beyond those analyzed in the pilot study, for which data had been collected on the case report forms.
In the Phase 3b trials, patients previously treated with recombinant human erythropoietin (rHuEPO) twice a week (BIW) or 3 times a week (TIW) were switched to darbepoietin-a once a week (QW), while patients previously treated with rHuEPO QW were switched to darbepoietin-a once every 2 weeks (Q2W). The same dosing schedule and route of ESA administration (intravenous or subcutaneous) were maintained throughout the study. Patients were treated with darbepoietin-a to maintain Hb levels between 10 and 13 g/dl. If a patient's Hb fell below the target range in two consecutive weekly assessments, the dose of study drug was increased to the next higher fixed dose. If a patient's Hb fell above the target range on two consecutive weekly assessments, the dose of study drug was decreased to the next lower fixed dose. Hb assessments were conducted weekly during the evaluation period of the study .
Data on patient characteristics and intercurrent events hypothesized to affect Hb variability were obtained from the case report form, including hospitalization, infection, or inflammation. Patients having an adverse event (AE) of infection or inflammation were identified by a medical review of the AE preferred terms from the study. Events that started in the 4 weeks prior to the evaluation period were included.
Hospitalizations were included if they started in the 4 weeks prior to the evaluation period. Hospitalizations, due to cardiovascular AEs and vascular access AEs occurring at any time during the study, were also recorded. Information on blood transfusions was included if the transfusions occurred in the two weeks prior to the evaluation period.
Iron status values were evaluated for patients who had iron measurements at two or more visits. Iron status was assessed by measuring the transferrin saturation (TSAT), serum ferritin, or both, at Weeks 8, 16 and 24. The patient was classified as having adequate iron levels if the TSAT was ³ 20% or the serum ferritin was ³ 100 mg/l (depending on which parameter was recorded) or if both were true when both were recorded.
Although the original dataset included patients undergoing both hemodialysis and peritoneal dialysis, the number of patients undergoing peritoneal dialysis was very small, therefore, the present analysis was performed on the data derived from patients undergoing HD only.
Statistical analysis
Two different methods for assessing intrapatient Hb variability were evaluated in the pilot study: the linear regression method and the standard deviation (SD) method ]. In the linear regression model, the mean squared error was calculated around linear regression lines fitted to the Hb levels for the individual patient over the relevant time period. With the SD model, all of an individual patient's Hb values during the evaluation period (at least four values required) were used and the SD of these Hb values was calculated. This SD for each patient is used as a measure of Hb variability for the patient. Results of the pilot study indicated that although the use of the linear regression method might have some utility in describing shortterm trends in Hb variability in individual patients, the SD methodology appeared to give a clearer overall picture of Hb variability in a single patient. Therefore the SD method was applied in the present analysis. It was also thought that the SD method would be more understandable to investigators and a more appropriate measure of the variability within a fixed time period.
Extensive checks on all data collected had been performed for the original Phase 3b studies, and no further data screening or acceptance procedures were performed for the posthoc analyses. No imputation of missing data was performed, all summaries were based on observed data only. Data were included only for patients whose Hb values were at least 4 available and during the evaluation period. Comparisons between patient factors were performed using the Wilcoxon signed-rank test.
The analyses performed on this dataset are exploratory. It should be noted that although p values have been calculated for various comparisons and are useful for indicating potential data trends and differences between groups, the clinical relevance of the factors being compared is of primary importance. The large sample size used might result in statistically significant differences being found that might not be clinically relevant. A multivariate analysis was performed to assess the association between AE status and intra-patient Hb variability, adjusting for age, sex, diabetes status, number of dose changes, and iron status.
Results
The present analysis is based on the safety analysis population, which includes all sub-jects who received at least 1 dose of study medication in any of the Phase 3b studies. Patient disposition and discontinuation information for the pooled Phase 3b trials is presented in Figure 1 . Baseline characteristics of the patients are presented in Table 1 . Figure 2 shows the intra-patient Hb variability in relation to selected baseline characteristics (age, sex, sex by age group, and diabetes status). Variability for each patient is calculated as the within-patient SD of the evaluation period Hb values. The data are summarized for the population using the standard set of descriptive statistics: mean, standard deviation, median, interquartile range, and the range. Figure 3 illustrates the intrapatient Hb variability in relation to the presence or absence of certain intercurrent events. The intrapatient Hb variability was greater in the presence of any of these intercurrent conditions than in their absence: infection or inflammation (p = 0.0032), blood transfusion (p < 0.0001), hospitalization (p < 0.0001), or hospitalization for cardiovascular (CV) causes (p = 0.0012). The small number of patients with infections precluded making comparisons between acute and chronic infections in terms of intrapatient Hb variability.
Intrapatient Hb variability is shown in Figure 4 in relation to the number of darbepoietin-a dose changes made during the 4 weeks prior to the evaluation period and throughout the evaluation period. Patients with no dose changes during the evaluation period had lower mean variability than those in either the 1 -2 change or > 2 changes group, p < 0.0001). However, no conclusions can be drawn from these data regarding cause-and-effect relationships between ESA dose changes and Hb variability.
Iron status differences had little detectable effect on intra-patient Hb variability among patients for whom at least two iron status measurements were available. In patients with all measurements adequate (n = 3,277), 1 measurement inadequate (n = 527), and > 1 measurements inadequate (n = 257), the within-patient Hb variability was (mean ± SD) 0.417 ± 0.25, 0.42 ± 0.28, and 0.42 ± 0.25, respectively. Regardless of whether values for serum ferritin, transferrin saturation, or both (depending on which measurements were performed in the study patients) were all adequate, 1 measurement was inadequate, or > 1 measurement was inadequate, there was no appreciable difference in within-patient Hb variability. It should be noted that too few iron measurements were available to draw meaningful conclusions.
Some other factors were considered, but it was impossible to produce meaningful comparisons because of the small numbers of patients in some of the comparison groups. These factors include death from CV causes, hospi- (15) 760 (14) 1,364 (25) 932 (17) 843 (15) 434 (8%) 396 ( (22) 4,769 (86) 1,118 (20) 1,214 (22) 496 (9%) 416 (7%)
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talizations due to CV AEs, and hospitalizations due to vascular access AEs during the 4 weeks prior to the evaluation period. These factors all showed indications that Hb variability was increased in patients experiencing the events, but there were too few in each of these groups to make meaningful comparisons. This observation is also true for acute vs. chronic infection AEs, in that there were very few chronic infection AEs. The results of the multivariate analysis to assess the association between AE status and intra-patient Hb variability, adjusting for age, sex, diabetes status, number of dose changes, and iron status found that AE status was significantly associated with Hb variability after this adjustment. Similar analyses were performed for hospitalization status, blood transfusion status, and cardiovascular-(CV) related hospitalization status, and the same results were observed. Figure 5 shows the differences in the Hb means (with 95% CI and P values). For the total group (both sexes), greater variability was seen for patients 65 years of age or younger compared with older patients (p = 0.0044), and greater variability was seen for patients 40 years of age or younger compared with older patients (p < 0.01). The latter comparison is applicable for both males (p = 0.0016) and females (p = 0.0194) in the study population. Little difference in the variability was seen in relation to sex overall or to the presence or absence of diabetes.
Discussion
These findings from a re-analysis of clinical trial data support the hypothesis that patient-related factors such as intercurrent events and comorbid conditions influence the degree of Hb variability in patients undergoing HD. Hb concentrations are probably governed by a combination of anemia management practices and numerous patient-related factors that affect erythropoietic response along with the timing of these factors and their interactions.
More changes made in the ESA dose during the evaluation period were associated with greater Hb variability compared with fewer dose changes, it should be noted that this association could not be proved as being causative. This result is in accordance with other publications, for example, Singh and colleagues discuss the case of a patient with a vascular access thrombosis whose hemoglobin concentration increased by 60% over her baseline level (approximately 6 g/dl over a 6-week period) to 16.8 g/dl following a large increase in epoietin-a dose from 12,000 to 300,000 U/wk over a 12-week period [Singh et al. 2008] .
The present exploratory, retrospective analyses give indications of differences in hemoglobin variability between individual patients with different characteristics, but the conclusions drawn should be regarded with caution. Firstly, when interpreting these results, it should be kept in mind that this was a clinical study with an evaluation period of only 4 weeks duration rather than a long-term observational study. It is difficult to draw conclusions regarding cause and effect, for example, whether a dose change was made in reaction to an intercurrent event, which initially influenced the Hb level, or whether the dose adjustment, itself, induced variability. Additional limitations in this study include the post-hoc nature of the analyses, with identification of intercurrent events from case report forms, and the small numbers of patients who had some of the conditions. To get a better understanding of the cause-effect relationship, it would be necessary to conduct a prospective study.
An interesting but unexplained finding in this analysis was the fact that younger patients had greater Hb variability compared with older patients, but this finding should be interpreted with caution due to the small number of patients in the £ 40-year-old group.
It is noted in the European Best Practices Guidelines that the most common causes of incomplete response to ESAs are iron deficiency, either absolute or functional, and inflammation [Locatelli et al. 2004a] . The patients included in the studies comprising this analysis were adequately treated with iron overall, but unfortunately our data on the relationship of iron levels to Hb variability are limited because only 3 measurements of actual iron levels were taken, and the results were categorized only as "adequate" or "inadequate." Therefore, no conclusions can be drawn from the fact that these results did not show a relationship between iron changes and Hb variability.
Other conditions previously reported to be associated with ESA hyporesponsiveness, including hyperparathyroidism, malnutrition, inadequate dialysis, and drug effects, were not assessed in relation to Hb variability in the present study.
In addition to the complex interactions of intercurrent events and anemia management practices, the interactions of multiple intercurrent conditions and events further complicate the picture. A 3-month observational study of 78 patients undergoing HD for CRF included the recording of intercurrent events at each dialysis session (total of 2,808 sessions). A total of 1,516 peridialysis events such as fistula bleeding, puncture problems, hypotension, clotting in the lines or dialyzer, or delayed coagulation resulting in blood loss were observed, along with 279 interdialysis events such as cardiovascular, digestive, infectious, hemorrhagic, and vascular access complications. This amounted to a mean of 7.7 events per month with the potential to interfere with erythropoiesis. The population mean Hb and darbepoietin-a doses remained stable during the study period, but approximately 55% of patients required 1 or more dose changes [Rottembourg et al. 2007 ]. It would have been of interest to compare patient outcomes with Hb variability in this retrospective study, but the data are not representative because the study period was too short. However, this aspect has been looked at in several other studies [Brunelli et al. 2008 , Foley et al. 1996 , Gilbertson et al. 2008 , Ishani et al. 2007 , Yang et al. 2007 . It was reported in the studies of Yang and Brunelli that there was a strong association between Hb variability and increased mortality [Brunelli et al. 2008 , Yang et al. 2007 Gilbertson could not find a strong association between these 2 factors, but confirmed that the longer the time spent at Hb levels below 11, the greater was the risk of mortality. This observation was confirmed by the results of two other studies [Foley et al. 1996 , Ishani et al. 2007 ] On the other hand, several investigators have reported that mortality is increased when Hb levels exceed 13 g/dl [Drüeke et al. 2006 , Fishbane and Besarab 2007 , Phrommintikul et al. 2007 , Singh et al. 2006 ] although this finding was not confirmed by the data of Gilbertson et al. [2008] and Brunelli et al. [2008] .
The consequences of Hb variability are still an open question: Is it harmful per se or it is just a reflection of other pathological processes? The present analysis does not provide much assistance in answering this question for the reasons mentioned above. However, without pinpointing the exact limiting Hb level, our study results suggest that the aim of the treating physician should be to control Hb levels in his or her patients as carefully as possible.
In conclusion, increased Hb variability appears to be associated with patient-related factors such as age (although the finding of higher Hb variability in lower age groups was unexpected), infectious or inflammatory events, blood transfusion, hospitalization, and hospitalization for CV causes. Factors related to anemia management, such as numbers of dose changes, are also associated with greater Hb variability. In the future, it would be of interest to investigate the correlation of Hb variability and possible influential factors and in particular, to examine patient outcomes in relation to Hb variability by means of naturalistic, observational studies, or longer term, prospective, randomized studies.
